The linear peptide gramicidin forms prototypical ion channels specific for monovalent cations and has been extensively used to study the organization, dynamics and function of membrane-spanning channels. In recent times, the availability of crystal structures of complex ion channels has challenged the role of gramicidin as a model membrane protein and ion channel. This review focuses on the suitability of gramicidin as a model membrane protein in general, and the information gained from gramicidin to understand lipid-protein interactions in particular. Special emphasis is given to the role and orientation of tryptophan residues in channel structure and function and recent spectroscopic approaches that have highlighted the organization and dynamics of the channel in membrane and membrane-mimetic media.
Introduction
Ion channels are transmembrane proteins that regulate ionic permeability in cell membranes. They represent an important class of molecules due to their ability to serve as key elements in signaling and sensing pathways and to connect the inside of the cell to its outside in a selective fashion. They are crucial for normal functioning of cells and defective ion channels are implicated in a number of diseases collectively known as channelopathies [1, 2] . Mutations in ion channels underlie diseases such as cystic fibrosis [3] , renal disorders, certain types of hypertension, osteoporosis [4] , and conditions such as deafness [5] and reduced sleep [6] . The recent successes in crystallographic analyses of ion channels starting with the KcsA potassium channel [7] , the chloride channel [8] and more recently the voltage gated potassium channel [9] have provided exciting molecular insights to ion channel function and structure [10] . However, it is becoming increasingly clear that static crystallographic structures of membrane proteins may not always provide accurate representations of channel function [11] [12] [13] . Due to this ambiguity in the structural analysis of ion channel function, simple models of ion channels continue to provide useful information to understand and characterize more complex systems [14] .
The linear gramicidins are a family of prototypical channel formers that have been extensively used to study organization, dynamics and function of membrane-spanning channels [14, 15] . They are linear pentadecapeptide antibiotics with a molecular weight of ∼ 1900. Gramicidins are produced by the soil bacterium Bacillus brevis, and consist of alternating L-and D-amino acids [16] . They form well-defined cation-selective ion channels in model membranes [17] with conductance of the order of ∼10 7 ions per second. Due to their small size, ready availability and the relative ease with which chemical modifications can be performed, gramicidins serve as excellent models for transmembrane channels. The natural mixture of gramicidins, often denoted as gramicidin A′ [termed gramicidin D (after René Dubos, who originally discovered gramicidin) in older literature], consists of ∼ 85% of gramicidin A, which has four tryptophan residues at positions 9, 11, 13, and 15 (see Fig. 1 ). Gramicidin A′ is readily available commercially and is fluorescent, due to the presence of tryptophan residues [18] . It has one of the most hydrophobic sequences known [19] and has very low solubility in aqueous solution (∼5 × 10 − 7 M) [20] . Gramicidins were first identified as an antibiotic produced by a culture of B. brevis isolated from soil samples by Dubos [21, 22] . Gramicidin was the first antibiotic to be used clinically (in 1939) and its success in clinical settings stimulated research into the practical application of other drugs such as penicillin [23, 24] . Gramicidin is produced during sporulation shortly after the production of another antibiotic, tyrocidine [25] . The concentration of gramicidin in the bacterial cell is known to reach up to 1 M during sporulation. Its function in B. brevis is not known, but it is believed to play a role in gene regulation during the shift from vegetative growth to sporulation and has been shown to inhibit Escherichia coli RNA polymerase [25] .
Interestingly, the amino acid sequence of gramicidin consists of alternating L-and D-amino acids [16] , in sharp contrast to most proteins which contain exclusively L-amino acids [26] . Gramicidin is synthesized by non-ribosomal multienzyme complexes, and the conversion of L-to D-amino acids takes place during the biosynthesis. As mentioned earlier, the natural mixture of gramicidins contains predominantly gramicidin A (85%). The other peptides, gramicidin B and C differ in the nature of the aromatic residue at position 11, where Trp (in A) is replaced by Phe and Tyr, respectively. Further, Val at position 1 is replaced by Ile in about 5 to 20% molecules. In spite of the alternating sequence of L-D chirality generally not encountered in naturally occurring peptides and proteins, gramicidin represents a useful model for realistic determination of conformational preference of proteins in a membrane environment. This is due to the fact that the dihedral angle combinations generated in the conformation space by various gramicidin conformations are allowed according to the Ramachandran plot [27] . The focus of this review is to highlight the organization and dynamics of the gramicidin ion channel in membranes and its suitability as a model membrane protein. It should be mentioned here that this review does not cover in detail the significant advances made in recent years on the molecular modeling of gramicidin conformation and free energy profiles or in continuum electrostatics. These issues are covered in great detail in several recent reports [14, [28] [29] [30] [31] .
Gramicidin conformation in membranes
The unique sequence of alternating L-and D-chirality renders gramicidin sensitive to the environment in which it is placed. Gramicidin therefore adopts a wide range of environmentdependent conformations. Two major folding motifs have been identified for gramicidin in various media: (i) the single stranded helical dimer (the channel form) [32] , and (ii) the double stranded intertwined helix (collectively known as the nonchannel form) [33, 34] . Interestingly, while double helical conformations are predominant in organic solvents, the conformation of the membrane-bound form of gramicidin is markedly different [35] . Ever since its initial isolation, a number of crystalline forms of gramicidin from a variety of organic solvents in the presence and absence of ions have been reported [36] [37] [38] [39] [40] [41] . However gramicidin crystals have proved to be recalcitrant to X-ray analysis methods (possibly as a result of its intermediate size-too large for direct small molecule methods and too small for replacement methods traditionally used for macromolecules) and rather limited structural data have been reported (see [42] for a detailed review). It is instructive to note Fig. 1 . Amino acid sequence of gramicidin A. Note that all amino acid side chains are either hydrophobic (Ala, Leu, Val) or amphipathic (Trp). In addition, the -NH 2 and -COOH termini are blocked making the sequence unusually hydrophobic. Alternating D-amino acid residues are underlined and the tryptophan residues are highlighted.
that the reported double helical structures are mostly inconsistent with channel activity and have long narrow pores that cannot accommodate an ion [42] . However, the structure reported in the presence of cesium chloride clearly shows a fatter helix with a diameter large enough to accommodate an ion [39] .
Functional analysis of channel activity revealed the first details of the molecular organization of gramicidin in membranes. Channel activity was clearly shown to require transmembrane association using charged analogues of gramicidin [43] . While C-terminal charged analogues produced conducting channel (when applied symmetrically to black lipid membranes), N-terminal charged analogues did not form conducting channels when applied to black lipid membranes. This indicated the involvement of the N-terminus in dimerization. In addition, simultaneous conductance and fluorescence measurements in black lipid membranes showed that the conducting unit is a dimer [44] . These functional characteristics fitted well with the single stranded helical dimer formed by the head-to-head dimerization of (π 6 LD ) helices. The π (LD) helix was proposed by Urry [32] on the basis of molecular modeling, in which consecutive peptide carbonyl groups alternate direction with respect to the helix axis. The nomenclature of these structures was later changed to β-helices to better reflect the type of hydrogen bonding present, which is in fact the same as that of β-sheets [45] . Due to alternating L-and D-residues, all side chains project from the same side of the peptide strand, which becomes the outside when the β-strand is coiled into a helix. The interior of the channel is formed by the polar peptide backbone and side chains project outward in contact with neighboring lipid fatty acyl chains and help in modulating the channel conductance (see Fig. 2a ). This dimer form is stabilized by fifteen intramolecular and six intermolecular hydrogen bonds and the channel is gated by the association and dissociation of monomers [46] . The size of the channel pore (diameter ∼ 4 Å) is large enough to accommodate the passage of monovalent cations [47] . Ion selectivity is observed in the order Cs + N Rb + N K + N Na + N Li + and divalent cations such as Ca +2 block the channel [48] . The length of the dimer is ∼ 26 Å and is the same order of magnitude as the hydrophobic part of a lipid bilayer [25] .
In the channel conformation, the carboxy terminus of the peptide is exposed to the membrane interface and the amino terminus is buried in the lipid bilayer. As discussed above, the high-resolution crystal structures available for gramicidin conformations in organic solvents are inconsistent with channel function. The first well-resolved structure of gramicidin in a membrane-mimetic environment was obtained by solution NMR [49] . Later, the high-resolution structure of membranebound gramicidin A in a lipid bilayer was deduced by solidstate NMR [50] and refined by molecular dynamics simulations [51] . Other conformations, which can be collectively termed as non-channel conformations, have been shown to exist in membranes with polyunsaturated lipids [52] , and in membranes with increased acyl chain lengths [53] [54] [55] .
The detailed molecular mechanism of gramicidin adopting various conformations in membranes is not known. However, it has been reported that the initial conformation that gramicidin adopts when incorporated into membranes is dependent on the nature of the solvent in which it was dissolved prior to incorporation in membranes [53, 56] . Thus, when gramicidin is dissolved in solvents such as chloroform/methanol, benzene/ methanol, or ethanol before incorporation into membranes, it tends to adopt a non-channel conformation. Upon sonication and incubation at 65°C, this is converted to the characteristic channel conformation. On the other hand, if gramicidin is dissolved in solvents such as trifluoroethanol (TFE) prior to membrane incorporation, it appears to adopt the channel conformation even without sonication and incubation at elevated temperature. Gramicidin conformation in membranes therefore appears to be dependent on its solvent history [56] . In membranes, the single stranded β 6.3 dimer channel conformation is the most preferred (thermodynamically stable) conformation [53] . The rate of interconversion from the non-channel to the channel form can be modulated by sonication and prolonged incubation at elevated temperatures [53, 56] .
Gramicidin tryptophans at the membrane interface
The interfacial localization of the gramicidin tryptophan residues in the channel conformation is an essential aspect of gramicidin conformation and function in membranes [15] . In membrane proteins, tryptophan residues are not uniformly distributed along the membrane axis and tend to be preferentially clustered at the membrane interface. This is due to the fact that the experimentally determined interfacial hydrophobicity of tryptophan is the highest among the naturally occurring amino acid residues [57] . While tryptophan has the polar NH group which is capable of forming hydrogen bonds, it also has the largest nonpolar accessible surface area among the naturally occurring amino acids [58] . Due to its aromaticity, the tryptophan residue is capable of π-π interactions and weakly polar interactions [59, 60] . This amphipathic character of tryptophan gives rise to its unique hydrogen bonding property and ability to function through long range electrostatic interaction [61, 62] . The preferential location of tryptophan residues at the membrane interface is thought to be due to the aromaticity of the indole moiety and the overall amphipathic nature of tryptophan [63] . The thermodynamically preferred channel conformation of gramicidin highlights this essential aspect of membrane protein conformation. Interestingly in the double helical non-channel conformations, the tryptophan residues are distributed across the membrane axis (see Fig. 3 ) making this conformation thermodynamically unstable. Importantly, the gramicidin analogue in which all the four tryptophan residues are replaced by phenylalanines, which are more hydrophobic and cannot act as hydrogen bond donors, appears to preferentially adopt the alternate antiparallel double stranded helical dimer conformation [64] [65] [66] . In the absence of tryptophan residues, the non-channel conformation therefore becomes the preferred conformation. Interestingly, the channel conformation is the preferred conformation even in membranemimetic environments such as micelles [49, 67, 68] and reverse micelles [69, 70] .
Synergestic approaches can reveal structure-function relationships
The gramicidin channel is characterized by rectangular current steps of defined amplitudes in planar lipid bilayers [17] . The ability to synthesize gramicidin incorporating specific modifications has enhanced the utility of gramicidin as a model ion channel to understand specific structure-function relationships [71] . This includes gramicidins labeled with various isotopes which have greatly advanced NMR studies of this peptide to study specific backbone and side chain conformations [50, 72, 73] . Hybrid channel formation (using gramicidin analogues that form functionally distinct channels) has been used to test the structural equivalence of different gramicidin analogues [74, 75] . Negatively charged analogues of gramicidin [43] were used to form distinct hybrid channels with native gramicidin to show that the functional channel is formed by a transmembrane dimer with no lateral associations [76] . Surprisingly, even though the sequence of gramicidin is extremely hydrophobic, it is relatively impermeant in membrane bilayers (i.e., it does not rapidly flip to the other membrane leaflet), and low channel activity is observed when gramicidin is added asymmetrically to membrane bilayers (black lipid membranes) [46] . This is probably due to the high tryptophan content at the C-terminus (see Fig. 1 ) that could prevent transmembrane flipping. As discussed earlier, tryptophan is an amphipathic amino acid with a marked preference for the membrane interface. The burial of tryptophan residues in the hydrophobic core of the membrane is therefore relatively Fig. 3 . A schematic representation of the non-channel and channel conformations of gramicidin indicating the location of tryptophan residues in a membrane bilayer. The membrane axis is represented by double headed arrows and the center of the bilayer is marked by a dotted line. Note that, in the channel conformation, tryptophan residues are clustered toward the membrane interface whereas in the non-channel conformation tryptophan residues are distributed along the membrane axis (from [165] ).
unfavorable [63] . Interestingly, theoretical calculations predict a large free energy barrier of ∼ 35 kcal/mol for the vertical insertion of gramicidin dimers in the channel form into a membrane bilayer [77] .
Detailed analysis of the contribution of specific amino acids to channel function has been possible due to a synergistic combination of functional and spectroscopic studies. The C-terminal tryptophan residues play an important role in channel conductance and gramicidin structure (discussed in detail later). While the tryptophan residues are known to be important for channel function and structure, the intervening D-Leu spacer residues (residues 10, 12, and 14) have also been implicated in maintaining ion conductance [78, 79] . Semiconservative substitutions of the D-Leu residues with residues such as D-Ala, D-Val or D-Ile were found to have surprisingly large effects on channel structure and function. All the substituted analogues were found to occur in heterogeneous conformations (both double and single stranded) in membranes and had significantly lower conductance as compared to native gramicidin [78] . In view of the importance of the orientation of tryptophan dipoles in channel conductance, these results point to a complex interaction between the aromatic and aliphatic side chains that can influence backbone folding and ion entry. In addition, D-Leu-10 stabilizes optimum orientations of Trp-9 in membrane bilayers and therefore substitutions at this position alter channel conductance without affecting the basic fold of the peptide backbone [79] .
While C-terminal residues play important roles in ion entry and channel conductance, the residues at the N-terminal junction influence the formation of the transbilayer channel. Using simultaneous conductance and fluorescence measurements, Veatch et al. [44] showed that the dimerization constant of gramicidin in black lipid membranes is ∼ 2 × 10 13 mol − 1 cm 2 . As mentioned earlier, charge at the N-terminus is not tolerated for channel function [43] . The dimeric channel is stabilized by at least six hydrogen bonds at the N-termini [46] and channel gating is thought to occur when at least two hydrogen bonds are broken [80] . Substitutions or deletions at N-terminal positions therefore interfere with the formation of the conducting dimer [81, 82] . Introduction of a dipolar F 6 Val-1 at the Nterminus leads to the formation of homodimeric channels with reduced conductance and lifetime as compared to gramicidin A channels [74] . However, heterodimers of this analogue and gramicidin A were found to have much lower conductance than either homodimer rather than the expected intermediate conductance. The heterodimeric channels were found to show voltage-dependent transitions from a low to a high conductance state and are therefore voltage gated [83] . Interestingly, these heterodimeric channels are voltage gated in the absence of any fixed charge. In addition, gramicidins with positively charged amino groups tethered to the C-terminus via carbamate linkers, also show voltage-dependent gating but to a weaker extent [84] .
N-linked gramicidin analogues have been synthesized to form long-lived gramicidin channels with tunable conductance properties [85] [86] [87] [88] [89] . The open state of these dimers is several orders of magnitude longer than in native gramicidin channels.
Of particular interest are the dioxolane linked gramicidin analogues that retain the β helicity of the dimers [87] [88] [89] . These analogues provide the ability to study the effects of different chemical groups (that may be hosted on the dioxolane linker) on channel activity without significantly perturbing channel structure [90] . In addition, the linked dimer has a single sharp conductance state, unlike native gramicidin, that may have subconductance states depending on monomer-monomer association. This greatly facilitates the analysis and interpretation of single channel data [91, 92] . The two chiral carbons in the dioxolane linker permit the synthesis of two distinct diastereomers and the stereochemistry of the linker (namely, SS and RR) form ion channels with distinct properties. While the SS dimer retains the β helicity of the dimer, the linker could obstruct the center of the channel leading to an increased energetic barrier to ion transport in the RR dimer [87] . In line with this structural prediction, channels formed by the RR dimer showed brief channel closures to zero conductance (flickers) that were thought to be a result of the rotation of the RR dioxoloane inside the pore of the channel [88, 93] . This possibility was later challenged in studies that used a retinal group attached to the dioxolane linker [94] . Since the rotation of the dioxolane linker would be significantly hindered by the bulky hydrophobic retinal group, flickers in the RR channel should be eliminated if linker rotation is the sole cause. However, both SS and RR channels showed flicker activity with the retinal group. Channel properties and flicker behavior were shown to be related to the nature of the permeating ion in both SS and RR dimeric channels rather than to the nature of the linker group [94] . Such flicker behavior is observed even in native gramicidin channels [95, 96] and was initially thought to be solely a result of dimer dissociation. The frequency of flickers is found to be dependent on the thickness of the host bilayer [95] . Recently, it was shown that the flicker frequency in the dioxolane linked dimers (both SS and RR), which do not dissociate, is dependent on the thickness of the bilayer [97] and is attenuated in thinner bilayers. Based on these results, it was hypothesized that the flickering activity was essentially a consequence of bilayer deformation and caused due to undulations of the bilayer that could obliterate the channel mouth leading to brief closures (i.e., flickers) [97] .
Tryptophans in ion channel function
The C-terminal tryptophan residues of gramicidin have been shown to be an integral component of channel activity and the thermodynamically preferred conformation of gramicidin in membrane environments. Gramicidin is a very hydrophobic peptide and the four C-terminal tryptophan residues (in gramicidin A) are the only amphipathic moieties in the sequence. As discussed earlier, tryptophan has a distinctive amino acid side chain with unique molecular properties among the naturally occurring amino acids. The membrane interface seeking properties of tryptophan and the oriented dipole moments of the tryptophan side chain influence gramicidin structure and function. Replacement of gramicidin tryptophans with other aromatic side chains such as napthylalanine, phenylalanine or tyrosine [61, [98] [99] [100] has been found to reduce gramicidin channel activity. The natural gramicidin variants, gramicidin A, B, and C which differ at position 11 (see earlier) show distinctive channel properties [101] . In addition, photolysis of tryptophan by ultraviolet irradiation [102] [103] [104] [105] or chemical modification by an oxidizing agent such as N-bromosuccinimide [106] leads to reduction in cation conductivity.
Trp → Phe substitutions represent an interesting case since they are semi-conservative. While both Trp and Phe are aromatic, Phe is nonpolar and does not function as a hydrogen bond donor like Trp (through the indole -NH). Importantly, while the Phe side chain does not have a dipole moment, the Trp side chain has a dipole moment of ∼2D [107] . In a careful analysis of cumulative Trp → Phe substitutions, it was shown that the single channel conductance of substituted gramicidins decreases as a function of the number of Trp residues substituted by Phe [100] . The specific position of the Phe substitution was shown to be important for the effect on channel conduction. For example, in case of monosubstituted channels, conductance decreases as Phe is moved from position 15 to 9 (and vice versa for the single tryptophan of trisubstituted analogues). Interestingly, channel lifetimes (i.e., the average duration of the open channel) are not specifically affected by Phe substitutions. However, the trisubstituted analogue with a single Trp at position 11 shows a dramatically reduced channel lifetime [100] . These results suggest that the predominant effect of Trp → Phe substitutions is the removal of electrostatic interactions between the indole dipole and the permeant ion. In addition, orientation and mobility of gramicidin tryptophans (and hence, indole dipole moments) in membrane environments would be an important structural feature of gramicidin.
If long-range electrostatic interactions are important for gramicidin conduction, Trp modifications that modulate the indole dipole moment without affecting the hydrogen bonding ability of tryptophan should alter channel conductance. Fluorinated tryptophans represent a useful class of Trp analogues, that can be used to alter the spectral properties of tryptophan [108, 109] and the magnitude of the indole dipole moment [107] . In 5F-Trp, fluorination at position 5 in the indole side chain results in an increased dipole moment of 3.6D (as compared to 2.1D for indole) with a similar orientation as the dipole of indole [107] . Since the removal of a dipole due to Trp → Phe substitution decreases channel conductance, 5F-Trp analogues should exhibit increased conductance as compared to native gramicidin [62, 110] . This was shown to be the case for a gramicidin analogue with 5F-Trp at position 11 [62] . Significantly, a doubly substituted analogue (5F-Trp-9 and Phe-11) was found to have increased conductance as compared to an analogue with a single Trp → Phe (Phe-11) substitution. A series of detailed reports by Busath, Cross and co-workers used both computational and experimental data to establish the relationship between fluorination and gramicidin channel ion and proton conductance [110] [111] [112] [113] [114] [115] [116] . An early anomaly in the fluorination induced effect on gramicidin conductance was the observation that the 5F-Trp-13 analogue showed increased ion conductance in diphytanoylphosphatidylcholine (DPhPC) bilayers but not in glycerylmonoolein bilayers (GMO) [110] . The effects of fluorination of Trp-13 on ion conduction were shown to be a result of an increased rate constant of translocation due to a free energy change in the translocation barrier and an increase in first-ion binding affinity due to a decrease in the first-ion exit rate constant. The 5F-Trp-13 analogue therefore shows increased conductance in DPhPC bilayers where the high interfacial dipole makes translocation rate limiting and decreased conductance in GMO where ion exit or entry is rate limiting [111] . Interfacial dipole modulating agents such as phloretin and 6-ketocholestanol provide a convenient tool to delineate the specific effects of dipole potential on gramicidin conductance [117] . The specific effect of the interfacial dipole potential on gramicidin conductance in DPhPC bilayers was further verified utilizing such agents [118] . In addition, it was predicted that the specific position of fluorination (i.e., 6F-, 5F-, or 4F-Trp) which alters the orientation and magnitude of the indole dipole moment would influence the effect of the substitution on channel activity [119] . This was shown to be largely accurate for most 6F-and 5F-Trp analogues of gramicidin. However, anomalies for 6F analogues indicate the possibility of interaction with interfacial water [114] . Importantly, solid-state NMR shows that fluorination of Trp side chains has little effect on side chain positions [120] .
Keeping in mind the interfacial propensity of tryptophan residues, and the overall hydrophobicity of the gramicidin sequence, Trp → Phe conversions should result in altered interactions with the membrane environment and therefore possible changes in backbone structure. NMR and size exclusion chromatography have shown that the gramicidin analogue in which all four tryptophan residues are replaced by phenylalanines appears to preferentially adopt the alternate antiparallel double stranded helical dimer conformation [64, 66] . In the absence of any tryptophan residues, the double stranded helical dimer non-channel conformation becomes the energetically favored state in the membrane. However, the naturally occurring variants of gramicidin, gramicidin B and C (with Trp → Phe, Tyr substitutions at position 11, respectively) have been shown to be structurally similar to gramicidin A [67] . The mono-substituted Trp → Phe analogues (at positions 11, 13, 15) have also been shown to have backbone conformations close to the native sequence [121] .
It should be noted that functional studies using heterodimer channel formation have indicated that substituted gramicidin sequences with variable Trp → Phe replacements form structurally equivalent channels with native gramicidin [100] . However, functional approaches selectively study only that fraction of the peptide population that forms functional channels and do not provide any information about the non-conducting fraction of molecules. While it is possible that conducting channels formed by altered sequences would be structurally similar to native channels, it may not reflect the average conformation of the altered sequence in membranes. Channel-forming potency is a measure of the gramicidin concentration (in the aqueous solution) required for a given channel appearance rate [100] and would therefore account for partitioning of the membrane adsorbed gramicidin among various conformers. While the channels formed by the tri-substituted analogues are qualitatively similar to native channels, channel-forming potency is found to decrease twenty-fold. This suggests the possibility of a population of non-channel conformations in the membrane in addition to the subset that forms conducting channels. Interestingly, it has recently been shown using detailed fluorescence spectroscopic approaches that the single tryptophan analogues of gramicidin predominantly adopt non-channel conformations in membranes (Chattopadhyay, A., Rawat, S.S., Greathouse, D.V., Kelkar, D.A., and Koeppe, R.E., unpublished observations).
Tryptophan orientations in channel activity
As discussed earlier, side chain orientations of gramicidin tryptophan residues would play an important role in channel activity [113] . The additive effect of replacing tryptophan residues by Phe on channel activity suggests that the orientation of the dipole moment of each tryptophan is similar. Solid-state NMR analysis of specifically labeled Trp residues has shown that the dipole moment of each indole ring is parallel with the channel axis and oriented to lower the potential energy barrier for cation transit at the bilayer centre [122, 123] . However, later work showed that Trp-9 (which is the most buried of the gramicidin tryptophan residues) may be exposed to the hydrophilic surface as evidenced by hydrogen exchange [124] . Interestingly, the indole rings of gramicidin tryptophans have been shown to be relatively immobile [18, 73, 122, 123, [125] [126] [127] , possibly due to hydrogen bonding with lipid carbonyl oxygens [128] . Molecular dynamics simulations have shown this to be particularly true for Trp-13 which forms a long-lasting hydrogen bond to a phospholipid oxygen [126] . In addition, the relatively immobile nature of gramicidin tryptophans is supported by the relatively long (∼ 2 × 10 − 7 s) correlation times obtained from deuterium NMR [129] . However, it has been suggested that Trp-9 is relatively more mobile than the other Trp side chains and high-resolution structures differ in the orientation of Trp-9 relative to Trp-15 [50, 67] . Calculations suggest that changes in the rotameric state of Trp-9 could give rise to energy differences of the order of ∼ 1 kcal/mol for an ion in the pore [125] . Further, the Trp dipoles have been shown to stabilize the cations near the binding sites near the channel entrance and reduce the potential energy barrier at the bilayer centre [124] . Precise knowledge of the orientation of Trp side chains is important since the rate of ion movement depends on the energetics of ion-channel interactions and ∼ 1.3 kcal/mol difference in energy could result in a ten-fold change in ion flux. Interestingly, the implicit flexibility of the Trp side chain conformation in gramicidin has been tested using molecular dynamics simulations in vacuum [130] . These studies show that the Trp side chains move quite freely from one conformation to another and behave like surface residue side chains. The lipid environment would favor specific Trp orientations and therefore stabilize such orientations. A recent NMR analysis used a fluorinated Trp (Trp-13 and -15) to determine the influence of the membrane phase on the orientation of gramicidin tryptophan residues [131] . This work shows a slight change in Trp side chain conformation upon the phase transition (from gel to fluid phase) possibly due to a change in bilayer thickness.
Considering that the β 6.3 helix would have 6.3 residues per turn, any residue (residue i) would be spatially close to the seventh residue (i + 6) in the sequence. An interaction between the Trp-9 and Trp-15 indole groups is therefore possible due to their close proximity in space. However, high-resolution solution NMR structures of gramicidin in sodium dodecyl sulphate (SDS) micelles showed that Trp-9 and Trp-15 do not interact through space [49, 67] while solid-state NMR (in oriented DMPC bilayers) has shown the Trp-9 and Trp-15 indole rings to be stacked [50, 72] . In addition, fluorescence spectroscopy suggested the presence of aromatic-aromatic stacking interactions in membrane environments on the nanosecond timescale [18] . Importantly recent fluorescence spectroscopy results indicate that the stacking interactions of Trp-9 and Trp-15 may be dependent on the curvature of the host assembly [68] . Therefore, relatively planar rod-shaped micelles or oriented bilayers (as used in solid-state NMR) could favor aromatic-aromatic stacking interactions of Trp-9 and Trp-15, while in highly curved spherical SDS micelles, orientations of Trp-9 away from Trp-15 are preferred. Recent reports have compared the conformations of Trp-9 during molecular dynamics simulation in DMPC and in vacuum, when the high-resolution NMR structures of gramicidin reported from SDS micelles and DMPC bilayers were used as the starting conformations [113, 125] . Importantly in the simulation in DMPC environments showed that the side chain of Trp-9 was found to be more mobile than Trp-11, -13, or -15, and undergoes spontaneous transitions between orientations of the DMPC (stacked) and SDS (non-stacked) structures. It has been suggested that a mixture of rotameric states for Trp-9 would better reproduce experimental results. A mixture of rotameric states with 80% of the SDS rotamer and 20% of the DMPC rotamer was found to best reproduce NMR side chain observables. Interestingly, simulations of gramicidin Trp rotameric states in vacuum showed that stacking conformations are strongly disfavored, suggesting a specific role for the lipid environment in the possible stabilization of such a conformation [130] .
Lipid-protein interactions influence gramicidin conformation and function
The membrane lipid environment is a strong modulator of membrane protein structure and function. A large portion of a membrane protein remains in contact with the membrane lipid environment. This raises the obvious possibility that the membrane could be an important modulator of membrane protein structure and function. It is becoming increasingly clear that subtle properties of the membrane environment such as membrane thickness and order, besides lipid composition, influence membrane protein function [132] [133] [134] [135] . Due to its relative simplicity, gramicidin has been a testing ground to elucidate the fundamental principles of lipid-protein interactions, and membrane protein structure and function [25, [136] [137] [138] .
Early work by Killian and others has clearly demonstrated the influence of gramicidin on membrane phase change [25] . Interestingly, the micellar organization of lysophosphatidylcholine (LPC) has been shown to convert to a bilayer type organization in the presence of gramicidin [139, 140] . This bilayer forming ability has been shown to depend on the solvent history of the peptide and therefore on gramicidin conformation [141] . Channel conformation is therefore important for the formation of bilayers with LPC. The channel conformation is hour glass-shaped due to the presence of bulky tryptophan residues at the C-terminus (i.e., the monomer is cone-shaped) [142] . This shape complimentarity with cone-shaped LPC molecules leads to the bilayer type organization of LPC in the presence of gramicidin. The bilayer inducing ability of gramicidin was found to be reduced in the case of gramicidin B and C (with phenylalanine and tyrosine respectively at position 11 instead of tryptophan), pointing out the critical role of tryptophan residues in the interaction of gramicidin with such organized assemblies [143] . In addition, gramicidin has been shown to promote hexagonal (H II ) phases when present at high concentrations in bilayer-forming lipids such as DOPC [144, 145] and in natural membranes [146, 147] . The formation of the H II phase is associated with peptide aggregation, and upon phase separation the hexagonal phase has been found to be enriched in gramicidin as compared to the lamellar phase [148] [149] [150] . Interestingly, the concentration of gramicidin required to induce the H II phase is found to be related to the acyl chain thickness of the membrane and is found to decrease with increasing membrane thickness [144, 151, 152] . More importantly, a mismatch between the peptide length and membrane thickness was found to be essential for the induction of the H II phase [153] . While gramicidin can induce H II phase in DOPC membranes, long gramicidin analogues could induce H II phase only in thicker bilayers. The H II phase forming property of gramicidin is also associated with gramicidin induced vesicular fusion [154] .
The intrinsic tryptophan fluorescence of gramicidin offers a convenient tool to monitor gramicidin organization and dynamics and its interaction with the membrane environment. Spectroscopic approaches in general, and fluorescence spectroscopic approaches in particular, have become very useful for analyses of membrane protein dynamics [155] . For gramicidin, CD spectroscopy has served as a valuable tool to distinguish the channel conformation from other forms [53, 56, 136, 156] . Further, size exclusion chromatography has provided useful information about the equilibrium ratio of single stranded and double stranded conformations existing in various environments [66, 157] . The intrinsic tryptophan fluorescence of gramicidin offers a convenient tool to monitor gramicidin conformation and organization. In particular, the well documented sensitivity of tryptophan fluorescence to environmental factors such as polarity and mobility [158, 159] makes tryptophan fluorescence a valuable tool in probing of membrane protein structure and dynamics. In addition, the possibility of obtaining information at low lipid to peptide ratios makes fluorescence studies particularly advantageous, keeping in mind the lipid phase modulating properties of gramicidin at high concentrations (discussed above).
Novel and sensitive fluorescence approaches such as the red edge excitation shift have been very useful in delineating the organization and dynamics of gramicidin tryptophan residues in various membrane and membrane-mimetic media [18, 68, 70, 127, 156, [160] [161] [162] [163] [164] [165] [166] . A shift in the wavelength of maximum fluorescence emission toward higher wavelengths, caused by a shift in the excitation wavelength toward the red edge of the absorption band, is termed red edge excitation shift (REES) [167] [168] [169] . This effect is mostly observed with polar fluorophores in motionally restricted environments such as viscous solutions or condensed phases where the dipolar relaxation time for the solvent shell around a fluorophore is comparable to or longer than its fluorescence lifetime. REES arises from slow rates of solvent relaxation (reorientation) around an excited state fluorophore, which depends on the motional restriction imposed on the solvent molecules in the immediate vicinity of the fluorophore. The unique feature of REES is that while other fluorescence techniques yield information about the fluorophore itself, REES provides information about the relative rates of solvent relaxation which is not possible to obtain by other techniques. The phenomenon of REES, in conjunction with time-resolved fluorescence spectroscopic parameters such as wavelengthdependent fluorescence lifetimes and time-resolved emission spectra, were utilized to probe the dynamics of the tryptophan residues in the gramicidin channel conformation in membranes [18] . These results pointed out the motional restriction experienced by the tryptophans at the peptide-lipid interface of the gramicidin channel and the heterogeneous environments experienced by the tryptophan residues. Interestingly, such heterogeneous environments for gramicidin tryptophans were also reported in membrane-mimetic reverse micellar media [70] . More importantly, REES and related fluorescence approaches have been used to distinguish between the channel and non-channel conformations of gramicidin in membranes [127, 165] . REES of gramicidin is therefore sensitive to the conformation adopted by the peptide in the membrane. Such a detailed characterization of gramicidin [126, 165] in functional and non-functional conformations has provided a convenient spectroscopic handle to identify these conformations. This information can therefore be further utilized to directly study Fig. 4 . A schematic representation of gramicidin channel gating by the formation and dissociation of transmembrane dimers. The average membrane thickness is more than the length of the functional dimer. Channel formation is therefore associated with membrane deformation. Membrane lipids are approximated as springs and membrane deformation is described by a spring constant that includes deformation due to compression/expansion, distortion and increased monolayer curvature (adapted from [190] with permission from Elsevier).
the influence of the membrane (or membrane-mimetic) environment on the conformation of gramicidin. For example, structural transitions can be induced in charged micelles by increasing the ionic strength of the medium [170] . The organization and dynamics of the functionally important tryptophan residues of gramicidin in spherical and rod-shaped micelles utilizing a combination of wavelength-selective fluorescence and related fluorescence approaches have been studied. The results show that gramicidin conformation and dynamics is sensitive to the structural transition and deformation of the host assembly [68] . Very recently, the conformation-dependent fluorescence of gramicidin was used to monitor conformational changes due to hydrophobic mismatch in saturated membrane bilayers [55] .
Membrane deformation and ion channel function: gramicidin as a molecular force transducer
Gramicidin channel gating is known to occur by a welldefined conformational change, viz., the formation and dissociation of a transmembrane dimer [46] (see Fig. 4 ). The conformational change involves the breaking of hydrogen bonds at the monomer interface and lateral movement of the monomer [80] . Such a conformational change implies changes at the lipid-protein interface that could be coupled to modifications in the immediate lipid environment. The effective hydrophobic thickness of the functional gramicidin dimer is considered to be ∼ 22 Å [171] , based on the dependence of mean channel lifetime on the hydrocarbon thickness (as determined by capacitance measurements) of the supporting membrane. In membranes with increased surface tension or increased membrane thickness, there is a sharp reduction in mean channel lifetime. Since the hydrophobic thickness of gramicidin is less than the thickness of the membrane used for functional measurements [172] , gramicidin channel formation is almost always associated with a reversible local membrane deformation [173, 174] . The energetic cost of membrane deformation associated with channel formation is therefore a primary factor governing gramicidin channel function.
Modification of the material properties of the membrane (such as monolayer curvature, thickness and membrane stiffness) would affect membrane deformation and therefore gramicidin channel lifetime (i.e., stability of the functional dimer). Monolayer membrane curvature can be modulated by the addition of agents such as detergents and lysophospholipids. It has been shown that increased gramicidin channel lifetimes correlate with an increase in positive membrane curvature due to the addition of non-physiological detergents [175] , lysophospholipids [176] and lipids such as DOPS under conditions of reduced electrostatic repulsion [177] . In addition, when gramicidin analogues of reduced lengths are used, the potency of lysophospholipids to increase channel activity (as a result of increased gramicidin dimerization) is enhanced [176] . As a result of the gating mechanism of gramicidin channels, gramicidin may also be considered to be a mechanosensitive channel i.e., a mechanically gated channel [178] . Interestingly, the response of gramicidin to mechanical stress (stretch activation or inactivation) is dependent on the thickness of the membrane. Therefore, gramicidin functions as a stretch activated channel in thinner membranes while in thicker membranes it is inactivated by membrane stretch [179] .
It has been well established that membrane material properties are extremely sensitive to cholesterol content [180] . Cholesterol (at high mol%) increases bilayer cohesion and reduces membrane compressibility in fluid membranes [181] thereby increasing the free energy cost of membrane deformation [182] . In addition, cholesterol is known to increase membrane thickness [183, 184] . As a result of these effects of cholesterol on membrane properties, cholesterol is found to decrease gramicidin channel activity [172, [185] [186] [187] . Gramicidin activity has been found to reduce in membranes of increased thickness [171] ; however, this is also associated with a conformational change to non-conducting dimers [54, 55, 188] . In addition, mini-gramicidins (with 11 amino acids instead of 15) have been shown to function better in shorter membranes as compared to gramicidin A [189] . The energetic cost of the membrane deformation involved in channel gating has been quantified in terms of a spring constant that accounts for all modes of membrane deformation and scales according to the size of the protein [190] . Interestingly, deformation energies calculated this way, could be as large as 2-4 kcal/mol, comparable to the effects of point mutations on protein function [191] . The dependence of channel dimerization on the free energy of membrane deformation has been utilized to obtain a measure of the energetic cost of membrane deformation [192] . Gramicidin channel activity can therefore be used as a reporter to delineate the effect of membrane-active compounds and treatments on membrane material properties and predict how such treatments may influence membrane protein function under physiological conditions. For example, gramicidin has been utilized as a molecular force transducer to describe the mechanism of action of genistein, an isoflavinoid frequently used as a tool to alter ion channel function [193] . Genistein is utilized as a generic tyrosine kinase inhibitor and is thought to alter the function of a range of ion channels due to inhibition of phosphorylation. However, genistein was found to inhibit gramicidin channel activity due to its affect on bilayer elastic properties as a result of membrane partitioning [193] ruling out a general role for tyrosine kinase inhibition in ion channel function. Such bilayer-mediated mechanisms for the action of modulators of membrane protein function are being increasingly recognized [194] [195] [196] .
Gramicidin is a model membrane protein and ion channel
The structural features that make gramicidin channels so unique raise the question whether gramicidin channels are appropriate models for real ion channels. Fortunately, the elucidation of the crystal structure of the Streptomyces lividans K + channel (KcsA) [7] in molecular detail has provided an opportunity to evaluate the features of the gramicidin channel that are shared with other channels from natural sources. This has led to the rather interesting finding that gramicidin channels share important structural features with real ion channels [197] . An essential feature of ion channels is the ability to select for specific ions using a selectivity filter. Remarkably, both the gramicidin channel and the selectivity filter of the KcsA K + channel are lined by the polar carbonyls of the peptide backbone and ion selectivity in both cases arises due to backbone interactions with ions [198, 199] . While such interactions are possible in the gramicidin channel due to alternating L-D chirality (Fig. 2a) , KcsA utilizes two highly conserved glycine residues in the selectivity filter (Fig. 2b) . The choice of glycine is obvious since it is achiral, and has a larger allowed region in the Ramachandran plot, and so effectively it can behave as a D-amino acid. A recent report [200] confirms and extends this notion by pointing out that the two absolutely conserved glycine residues in the KcsA K + channel, which are essential in the K + -selectivity filter, serve as surrogate D-amino acids, reminiscent of the D-amino acids found in the gramicidin channel. Interestingly, addition of regularly placed D-amino acids in a synthetic membrane spanning sequence has been reported to convert the porin-like channel formed by the sequence to a cation-selective gramicidin-like channel [201] .
As discussed previously, gramicidin represents a useful model for realistic determination of conformational preference of proteins in a membrane environment. The conformational preferences of membrane-bound gramicidin are therefore not unique to it. The conformational change in membrane-bound gramicidin from the non-functional non-channel conformations to the functional channel conformation [127, 202] is a consequence of the preference of tryptophan residues to reside at the membrane interface [57] . Therefore, while gramicidin is a unique peptide in sequence and structure, its membrane-bound conformation is influenced by lipid-protein interactions that are universal in nature. We can consider the property of conformational transition of gramicidin between functional and nonfunctional states, to be analogous to the conformational changes that occur during the switch between 'on' and 'off' states during the activation of membrane-bound receptors and channels. This is exemplified by a recent example from the KirBac1.1 channel [203] . These authors showed that, analogous to what is observed in the case of gramicidin, localization of aromatic amino acids in the membrane interior could result in a closed conformation in case of the KirBac 1.1 channel.
The utility of the membrane interface anchoring property of aromatic residues becomes more evident when the transition from the closed to activated state is dependent on the vertical displacement (or tilt) of a transmembrane helix in the membrane axis. The signaling helix of the aspartate receptor of bacterial chemotaxis functions by a 'piston-type' sliding toward the cytoplasm upon ligand binding. Mutagenesis studies have revealed that the position of aromatic amino acids in the signaling helix in relation to the membrane interface is critical to the switch between 'on' and 'off' states [204, 205] . Importantly, the substitution of aromatic residues near the membrane interface was found to stabilize specific signaling states, possibly due to modulation of anchoring at the membrane interface. Interestingly, mechanosensitive channels such as MscL are very useful systems to understand the role of membrane anchoring residues in protein function since the gating transition for this channel utilizes an 'iris-like' mechanism that involves extensive changes in transmembrane helix tilt. It has been shown that while capping of a specific transmembrane helix by aromatic residues can slow channel gating leading to partial loss of function [206] , channel function can be partially restored by modulation of the distance between aromatic caps. Altering lipid-protein interactions at the membrane interface is therefore found to directly compromise MscL function.
Conclusions and future perspectives
Knowledge of membrane protein structure is crucial for understanding membrane function [207] . Since the elucidation of the first membrane protein structure~20 years ago [208] , there have been several reports of high-resolution crystallographic structures of physiologically relevant membrane proteins [7, 9, 209, 210] . However, despite these recent successes and predictions of an explosion of membrane protein structures in the future [211, 212] , information obtained from crystallographic data is necessarily static. The utility of such static membrane protein structures in the interpretation of functional mechanisms is limited [11, 12, 213] by the inherent disorder and fluctuation of the membrane environment. Relatively simple model membrane proteins such as gramicidin are therefore invaluable tools to understand membrane protein function and organization.
